It is found that in presence of electroweak interactions the gauge covariant diagonalization of the axial-vector -pseudoscalar mixing in the effective meson Lagrangian leads to a deviation from the vector meson and the axial-vector meson dominance of the entire hadronic electroweak current. The essential features of such a modification of the theory are investigated in the framework of the extended Nambu-Jona-Lasinio model with explicit breaking of chiral U (2) × U (2) symmetry. The Schwinger-DeWitt method is used as a major tool in our study of the real part of the relevant effective action. Some straightforward applications are considered.
I. INTRODUCTION
At low energies, the strong and electroweak interactions of mesons can be described by effective chiral Lagrangians [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . The hadronic part of these Lagrangians can be constructed explicitly in terms of meson variables, or by using microscopic theories of quarks with subsequent bosonization. The Nambu-Jona-Lasinio (NJL) model [14, 15] , reinterpreted in terms of the quark fields [5, 16, 17] , is one of such microscopic approaches. The effective chiral Lagrangians are known as a means for the treatment of the approximate chiral symmetry of QCD in the study of particle physics. In particular, in [9, 16, 17] chiral symmetry was found to confirm the phenomenologically successful ideas of vector meson dominance (VMD) [18] [19] [20] [21] [22] [23] [24] , axial-vector dominance of the charged hadronic weak current, and vector/axial-vector universality.
The idea of the existence of the isoscalar vector ω-meson was suggested by Nambu to explain the behaviour of the isoscalar part of the electromagnetic nucleon form factor [18] . A bit later, Frazer and Fulco have predicted the isovector vector states, the ρ-mesons, and have shown that the γ → ρ 0 → NN transition can describe the isovector part of the nucleon form factor. These discoveries are the cradle of the vector dominance idea. Soon after that [20] [21] [22] the idea has been elaborated to apply to all electromagnetic interactions of hadrons. An explicit statement of the meaning of vector dominance in the language of a local Lagrangian field theory has been suggested by Kroll, Lee, and Zumino in [23] in the following form: "To a very good approximation the entire hadronic electromagnetic current operator is identical with a linear combination of the known neutral vector-meson fields". For the theories originally formulated in terms of quark fields it means that vector fields can be introduced in such a way that direct interactions of photons with quarks vanish. As a result, the theory does not have direct cou- * aaosipov@jinr.ru † brigitte@fis.uc.pt ‡ zhpm@impcas.ac.cn plings of mesons with photons except for the ω, ρ 0 , φ → γ transitions. A similar statement can be formulated in relation with the charged hadronic weak current, where the charged axial-vector mesons may play a dominant role in the description of the weak interactions of hadrons. It has been also realized [24] that universality is a direct consequence of the complete dominance of the vector ρ 0 meson in the isovector form factor.
Recently attention was drawn to the need of gauge covariant pseudoscalar -axial-vector (p − a µ ) diagonalization of the effective meson Lagrangian in presence of electromagnetic interactions [25, 26] . The standard replacement
[where κ is a constant, m is the constituent quark mass, a µ = a µa τ a , p = p a τ a with a = 0, 1, 2, 3, τ 0 = 1, and τ i (i = 1, 2, 3) are the Pauli matrices] ruins the U (1) gauge covariant transformation properties of the axial-vector field
where α(x) is a local phase, and gives rise to all sorts of gauge symmetry breaking. As an example, it has been shown that the amplitude of the anomalous decay a 1 (1260) → γπ + π − is not gauge invariant if the standard approach is used. It has been also noticed that a covariant diagonalization
where D µ p = ∂ µ p − ieA µ [Q, p] , and A µ is the electromagnetic field, leads to a gauge invariant result, but the price is a deviation from the VMD picture [the covariant derivative induces a coupling of the quark-antiquark pair with the charged pseudoscalar and the photon fields, which is the source of the new non VMD type electromagnetic interactions]. This result has physical consequences, and therefore should be very carefully scrutinized. In this context, let us also recall the old result of the paper [27] , based on the general solutions of the Wess-Zumino anomaly equation which incorporate vector mesons as dynamical gauge bosons of the hidden local symmetry in the nonlinear chiral Lagrangian. The authors have found that the "complete vector meson dominance" hypotesis of photon couplings is invalid in either π 0 → γγ or γ → πππ processes. The covariant diagonalization provides us with an additional reasoning according to which the VMD is not the whole story for electromagnetic interactions of mesons.
In the present paper we extend the idea of covariant diagonalization to the case of electroweak interactions governed by the non-abelian group of local SU (2) L × U (1) R symmetry. For that, as in [25, 26] , we use the NJL Lagrangian with the global U (2) L × U (2) R chiral symmetric spin zero and spin one four-quark forces. Such extension is not so straightforward as one might expect from the pure electromagnetic case. Indeed, one cannot modify Eq. (3) by simply replacing the U (1) covariant derivative D µ p by the corresponding SU (2) L × U (1) R gauge covariant derivative of the pseudoscalar field.
First, one should find the U (2) L × U (2) R chiral covariant analog for the derivative ∂ µ p, and only after that replace the usual derivatives by the gauge covariant ones. Fortunately, this step is known [28, 29] , but it requires the following modifications both of the axial-vector and the vector fields. In the spontaneously broken phase the replacement has the form
where the scalar field s in the Nambu-Goldstone vacuum is given bys = s − m. Notice that the two bilinear combinations of scalar and pseudoscalar fields transform like axial-vector and vector fields and are chiral partners with respect to the linear transformations of the chiral group. As a second step, one should show that these bilinear combinations, after the replacement of usual derivatives of meson fields by the gauge covariant ones, possess the gauge covariant transformation laws that preserve the SU (2) L × U (1) R gauge symmetry of the Lagrangian. Only then can one be sure that the gauge symmetry of the electroweak interactions is properly incorporated in the effective meson Lagrangian.
All these steps are considered in the present paper in detail. As a result, we obtain the effective Lagrangian which describes the electroweak interactions of mesons in accord with the gauge symmetry requirements. The various phenomenological applications of this Lagrangian will be considered elsewhere.
The purpose of this paper is to exhibit a Lagrangian theory in which the effective electroweak interactions of mesons may deviate from the phenomenologically successful ideas of VMD and axial-vector dominance due to the p − a µ mixing and gauge symmetry requirements. In Sec. II we recall the construction of the SU (2) L × U (1) R gauge covariant derivative of the quark fields and describe the version of the NJL model with U (2) L × U (2) R chiral symmetric interactions which is used in our studies. In Sec III we construct the gauge transformations of meson fields and compare them with their chiral transformations. In Sec. IV we find the gauge covariant derivatives of pseudoscalar and scalar fields. In Sec. V we show that the gauge covariant replacement of vector and axial vector fields violates neither gauge nor chiral symmetries, solving the problem of π − a 1 diagonalization of the chiral Lagrangian. In Sec. VI we show that covariant diagonalization adds to the standard picture of vector (axial-vector) dominance a set of new interactions while keeping the old results unchanged. Here we also obtain the neutral hadronic weak current, which has not been considered in [9] . In Sec. VII we bosonize the theory by using the Schwinger-DeWitt method to derive the onequark-loop contribution to the real part of the effective action in the long-wavelength approximation. The one photon interactions following from the total effective Lagrangian are considered in Sec. VIII. Here we present three useful examples which show the common features and differences between covariant and non-covariant evaluation of the electromagnetic vertices γππ, a 1 γπ, and the ρ 0 → γπ + π − decay amplitude. In Sec. IX the one Z boson part of the Lagrangian is considered. Here we show some parity-violating processes with the isospin change ∆I = 1. The hadronic charged weak current is shown in Sec. X. In Sec. XI we summarize our results and discuss the possible role of the non VMD (and axial-vector dominance) electroweak contributions for the theory.
II. ELECTROWEAK-QUARK LAGRANGIAN
Our starting point is the following quark NJL Lagrangian density with the global U (2) R × U (2) L chiral symmetric four-quark interactions, which also possesses the gauge SU (2) L × U (1) R symmetry of the electroweak interactions
Here, in the notation of the quark fields q(x) the color and flavor indices are suppressed. The quark part of the Lagrangian density includes both spin-0 and spin-1 fourquark couplings with dimensional constants G S and G V correspondingly; the matrixm has equal diagonal elementsm u =m d corresponding to the current masses of u and d quarks in the isospin limit; τ a = (τ 0 , τ ) for a = 0, 1, 2, 3, where τ 0 is a 2 × 2 unit matrix, and τ are the SU (2) Pauli matrices; γ µ are the standard Dirac matrices in four dimensions. The covariant [with respect to the action of the gauge group of the electroweak interactions] derivative of quarks is given by
where the matrix Q = T 3 + Y L = 1/2(τ 3 + 1/3) accumulates the electromagnetic charges of u and d quarks in relative units of the proton charge e > 0; A µ = A i µ T i and B µ are gauge fields of the SU (2) L and U (1) R groups of local transformations, correspondingly;
The physical variables Z µ , A µ of the neutral gauge fields can be introduced through the orthogonal transformation
where the Weinberg angle θ W is defined by the couplings of electroweak interactions cos θ W = g/ g 2 + (g ) 2 , and
The charged physical states of gauge fields are
The covariant derivative of the quark field can be rewritten in terms of the physical states as follows
where T ± = (T 1 ± iT 2 )/ √ 2, and sin 2 θ W = 0.23. In the following, we will not use the Lagrangian density L EW . For this reason its expression is not given. The term "gauge fixing" there contains the Faddeev-Popov ghosts and the corresponding gauge fixing terms.
The Lagrangian density L is of the symmetry breaking type, in the sense that starting from some critical value of G S the minimum of the effective potential occurs for nonzero values of= 0 and the constituent quark mass m. This is the chiral symmetry breaking phenomenon. In the non-symmetric vacuum, the physical spectrum containsbound states. Therefore, it is convenient to introduce meson variables in the corresponding functional integral explicitly. This can be done by transforming the nonlinear interactions of quarks to the Yukawa interactions of quarks with auxiliary boson fields
Here D m is the Dirac operator in presence of background fields
The scalar, pseudoscalar, vector and axial vector fields are s = s a τ a , p = p a τ a , v µ = v aµ τ a , a µ = a aµ τ a . L M describes the meson mass part of the Lagrangian density
where the trace is taken over flavor indices. The spontaneous symmetry breakdown leads to the mixing of the pseudoscalar, p, and axial-vector, a µ , fields through the one quark loop. The mixing term occurs to be proportional to tr(a µ ∂ µ p). To avoid mixing one usually redefines the axial-vector field by the replacement (1) , where the coupling κ is unambiguously fixed to avoid mixing. This conventional method has the advantage of putting the Lagrangian in a useful form in the most economic and practical way possible. However, this does not work when the Lagrangian possesses both the chiral and the gauge symmetries. In this case the replacement must not violate either symmetries, and this imposes a very powerful restriction on the form of the second term in (1) .
We now show how to construct a chiral and gauge covariant replacement out of the spin-0 and gauge fields.
III. GAUGE TRANSFORMATIONS OF MESON FIELDS
The first step toward the solution is to find the gauge transformation law of meson fields. The SU (2) L × U (1) R gauge group acts on the quark fields by the following infinitesimal transformations
where q R = P R q, q L = P L q, and α and ω = ω i T i are the local parameters of the U (1) R and SU (2) L gauge transformations correspondingly. The gauge fields can easily be seen to transform under
One can show that the Lagrangian densities L S and L V are invariant with respect to gauge transformations. Thus, in the chiral limitm = 0, the whole Lagrangian density (6) is gauge symmetric. As a direct consequence of the gauge invariance of four-quark interactions, the following expressions in (13) must be invariant too
Here and in the following we use the notations = s − m. Let us consider the consequences of the first equation (19) . Representinḡ
and observing that P L P R = 0, one can conclude that the left and right components should be invariant independently, i.e.,
It follows then that
where the new set of local parameters has been introduced
The transformation laws for the spin-1 fields can be obtained in a similar way yielding
In these notations the gauge transformations remind us of the usual chiral laws, but with local parameters.
The lesson taught by these calculations is that the gauge covariant structure differs from the chiral one through the replacement of usual derivatives of spin-0 fields by the covariant ones. Because the chiral covariant replacement (4) contains the derivatives of the pseudoscalar and scalar fields, one has to learn how to construct covariant derivatives of the spin-0 fields under the action of the SU (2) L × U (1) R gauge group.
IV. GAUGE COVARIANT DERIVATIVES OF SPIN-0 FIELDS
Having at hand the meson fields which transform under a gauge SU (2) L × U (1) R group in a definite way, we proceed to the second step. Our task now is to derive the gauge covariant derivatives of pseudoscalar and scalar fields. We can find them by using the known quark content of the variables p a and s a , introduced above as a result of the bosonization. The details can be found, for instance, in [30, 31] .
The covariant derivative of the pseudoscalar field p a ∝ iqγ 5 τ a q can be derived by using our knowledge of the covariant derivative of the quark field. This gives
This result can be put in the more suggestive form
where we have introduced the auxiliary fields
In terms of physical gauge variables, one finds
The covariant derivative of the scalar field can be obtained in a similar way. The result is
Both derivatives are gauge covariant, because it is easy to show that they transform like the ordinary pseudoscalar (24) and scalar (23) 
In order to show this it is useful to consider the transformation laws of N µ and K µ under the action of the gauge group
In summary: gauge covariant derivatives have the structure of chiral-covariant derivatives. Thus, if in the chiral-invariant expression we replace the usual derivatives by the gauge covariant ones, the result will be gauge and chiral invariant.
V. GAUGE COVARIANT DIAGONALIZATION
Let us recall now, that the chiral-covariant version of the replacement (1) has been worked out in [28] . It has been shown there that the covariant redefinition of the axial-vector field cannot be done without a corresponding change in its chiral partner, i.e., the vector field. This is a direct consequence of the linear realization of chiral symmetry. As a result, it has been found that two bilinear combinations of scalar and pseudoscalar fields transform like axial-vector and vector fields and are chiral partners. We will use this result, but to extend it to be covariant under transformations of the gauge group, we replace the usual derivatives of spin-0 fields by the gauge covariant ones. Thus, to avoid the p − a µ mixing, instead of (4) we will use the following replacement
where
One can check that X † µ = X µ and Y † µ = Y µ . The coupling of X µ and Y µ with quarks has a gauge and a chiral invariant form. Indeed, let us show the gauge covariant property of these chiral partners. For that we consider first how X µ transforms under the action of the gauge SU (2) L × U (1) R group:
Now, we use the various Jacobi identities
That agrees well with (27) . Let us consider now the gauge transformation of Y µ
Also, applying the Jacobi identities (53) we find
This is precisely the transformation law satisfied by the axial-vector field (28) .
The diagonalization (39) and (40) has the following consequences. First, it changes the form of the Dirac operator by introducing a set of linear and nonlinear interactions of mesons and gauge bosons with quarks
The latter can be rewritten in a more convenient way as follows
and
Second, after replacements (39) and (40), the Lagrangian density (15) gets some vertices with interactions. We will consider this point later on in detail.
VI. VECTOR AND AXIAL-VECTOR MESON DOMINANCE
The vector and axial-vector meson dominance is a natural consequence of the extended NJL model, provided that the p − a µ diagonalization is made in accord with Eq.(1). The covariant diagonalization adds to this picture a set of new interactions while keeping the old results unchanged. To show this let us eliminate the Yukawa interactions of the photon, Z and W ± bosons with quarks. In the case of the vector fields, we have to avoid only the linear interactions of A µ , Z µ and W ± µ induced by the covariant derivative of quarks D µ q. The vector X µ is quadratic [at least] in boson fields and, therefore, does not contain such terms. We see that the replacement
leads to the desired result. This replacement has the following isospin content
In the axial-vector case, the combination Y µ contains a linear term with Z µ and W ± µ . This is the second term in the following expression
It should be subtracted by the appropriate redefinition of the axial-vector field together with the corresponding terms from D µ q. The replacement
where g A = 1 − 2κm 2 , yields the desired result. In components, it has the following content
These replacements change Γ µ accordingly
One can see that Γ µ still contains the gauge fields inside the covariant derivatives in X µ and Y µ . This is a signal that the theory may lead to some deviations from the vector and axial-vector dominance, because Γ µ is directly coupled to quarks. We obtain that similar changes occur in the original mass term of spin-1 fields (15) where the above redefinitions induce the replacements
From that we have tr ṽ
and tr ã
Here we use the following conventions [additionally to Eqs. (41) and (42)]:
It is assumed that these four-vectors are imbedded into the Lie algebra of the U (2) group as follows ζ µ = ζ µa τ a . We emphasize that the second order electroweak contributions ∼ e 2 , eg or g 2 play an important role to protect the gauge symmetry of the vector dominance approach. A simple example showing the details of such mechanism has been considered by Sakurai in [24] .
Let us extract from (68) and (69) only the terms of the second order in powers of fields. For that, from ζ µ 's and Ψ µ 's one should keep the following terms
Combining (68), (69) with (71) we find that 
including mixing of the Z boson with the neutral vector, axial-vector mesons and the pion
Eq. (73) summarizes the U (2) field-current identities, describing electromagnetic VMD phenomena. Eq. (74) 
VII. SCHWINGER-DEWITT EXPANSION
Our purpose now is to obtain the effective meson theory defined by the vacuum-to-vacuum transition amplitude (13) , where the operator D m , after all replacements, is given by
Here, Γ 
The Gaussian path integral accounts for the one-quarkloop contribution to the effective action. The result is given by the non-local functional determinant (up to an overall constant). The trace "Tr" should be calculated over color, Dirac, flavor indices and it also includes the integration over coordinates of the Minkowski space-time.
In particular, the contribution of the chiral determinant to the real part of effective action is
The consistent approximation scheme to obtain from the non-local chiral determinant (77) the local long wavelength (low-energy) expansion for the effective action S SD is the Schwinger-DeWitt technique [32] [33] [34] [see details, for instance, in [31] ]. We will restrict ourselves to the first and second-order Seeley-DeWitt coefficients. These coefficients accumulate the divergent part of the effective action, which is regularized here by a covariant ultraviolet cutoff Λ. Let us recall that the result of such calculations is well known [in the sense that the only difference between the expression for D m obtained in [31] and D m here is the replacement of the vector v µ and axial-vector field a µ by Γ (V ) µ and Γ (A) µ correspondingly]. Thus, we can use that result by writing
where the factor I 2 is given by
with N c being the number of color degrees of freedom, and
The total effective Lagrangian density is the following sum
where L SD and L EW are given by Eqs. (79) and (9) correspondingly, and
Some comments about formula (82) are still in order. To get this Lagrangian density we have used the gap equation
It is assumed that the strength of the quark interactions is large enough, The Lagrangian density L tot does not contain p − a µ mixing. This is because of the cancellation which occurs between the following two different contributions to the non diagonal p − a µ mixing term in L tot . That restrict the numerical value of the parameter κ to
Indeed, from L 2 one finds
The other contribution is induced by L SD . The term with ( µ p) 2 is responsible for it
As a result one obtains
This sum can be zero only if the expression in parenthesis is zero. This yields (86). The free part of the Lagrangian density L tot must display a canonical form. This can be done by the redefinition of the fields
The effective constants g σ , g π , g ρ and masses of meson states are functions of the I 2 and the constant Z = g
To complete this section let us present L SD in a form where the electroweak part of the Schwinger-DeWitt contribution is explicitly separated from the pure strong interactions of mesons. This gives us a clear picture of the contributions to the weak hadronic current beyond the vector and axial-vector meson dominance. We will extract only the leading order terms in powers of the electroweak couplings. After some algebraic manipulations we obtain
Here, only the first four terms represent the pure strong interactions of mesons. The terms proportional to κ describe the interactions of gauge bosons with clusters of mesons. So, the corresponding hadronic electroweak current is a non linear function in meson fields. In (97) we show only the terms which are of order g in electroweak interactions. The higher order terms are not the goal of the present work, but they should be considered, for instance, if one would study two photon interactions, or τ -decays into mesons with one or more photons in the final state. We use the following notations for the pure hadron contributions
The Ξ µ , and Ψ µ are linear functions in electroweak fields
VIII. ONE PHOTON ELECTROMAGNETIC INTERACTIONS
To make our result more transparent, we will present here the electromagnetic part of the entire effective meson Lagrangian density at leading order in e, which we put in the standard form
The hadronic electromagnetic current, j em µ , depends on meson fields. For convenience, the current j em µ will be presented in the form where we introduce two useful matrices. The first one collects a set of meson fields which interact with the electromagnetic field as it follows from the matrix Ξ µ , i.e., Ξ µ → 4eA µ Ξ em , where
The second matrix contains the meson fields which come together with the electromagnetic field from Ψ µ ,i.e., Ψ µ → 4ieA µ Ψ em , where
(105) Using these notations, we can write j em µ as follows
Although we have established Eq. (103) only to the first order in e, the inclusion of all orders in e is possible, but a full discussion will not be given in this paper.
A. γππ vertex
This vertex has been considered in [26] in a slightly different approach. It has been shown that the VMD result remains unchanged when one uses the covariant replacement (3) to describe the electromagnetic form factor of the pion. Our goal here is to show that the current j em µ leads to the same conclusion, as it should be.
Indeed, extracting from µ p only the terms relevant for the γππ amplitude
we find
The second step is a consequence of Eq. (86). Actually, j em µ contains an additional contribution to the γππ amplitude. It originates from the term giving
The first diagram in Fig.1 corresponds to this Lagrangian density.
Let us obtain now the contribution which is generated by the VMD inspired mechanism applied to the ρππ vertex
Here, as we already know, the expression in the first parenthesis is zero. From the last term we extract the contribution of the neutral ρ 0 -meson
Now, the ρ 0 µ → A µ transition can be taken into account [see the second diagram in Fig.1 ]. This leads to the simple replacements g ρ → e, ρ
This Lagrangian density does not contribute on the mass shell of the photon. Notice that the sum L
γππ +L (2) γππ yields the same result as the standard approach, where only the second diagram contributes [this is because these two approaches lead to different ρππ vertices for off shell ρ-mesons]. It means that for this specific case there is no difference between standard and the gauge modified approach.
B. a1πγ amplitude
We now proceed to calculate the a 1 πγ coupling which is described by the diagrams shown in Fig.2 . To find the 
whereã µν = ∂ µ a ν − ∂ ν a µ , and the following model relations have been used
Observing, that
we can write down the corresponding Lagrangian density
whereĀ µ = A µ Q and we have used the formula κ = 3/m 2 a1 , which follows from (86) and mass equations (95) -(96).
One can obtain the VMD contribution to this process [see Fig.2b ] by considering the Lagrangian density for the vertex a 1 ρ 0 π in L SD , and taking into account the ρ 0 µ → A µ transition described by Eq.(73). We leave out some of the algebra and just write the resulting expression
Here,F µν = ∂ µĀν − ∂ νĀµ . Upon integrating by parts in the corresponding action we find that the sum of the two contributions (117) and (118) can be expressed as
where on the last step we introduced the physical fields in accord with Eqs. (90) and (92); a 1µ → a 1µ τ . Since the Lagrangian density (119) vanishes on the γ-mass-shell, we conclude that the a 1 πγ vertex may contribute for the virtual photons. As opposed to this, that vertex is given in the non-covariant scheme by the expression (118), which vanishes on the a 1 -meson mass shell. So, in this case, we obtain a different off-shell behaviour, however, both results are zero on the mass shell of the photon and the a 1 -meson.
Let us consider now a more sophisticated example. This is the ρ 0 (p) → γ(q)+π
decay, where p, q, p + , p − are the 4-momenta of the corresponding particles. Our goal is to show that the resulting amplitude does not depend on whether one uses the covariant or the standard approach.
In general, the decay amplitude obtains two types of contributions. These are the emission of the photon by a single charged pion, and gamma emission from the core of the hadronic region.
In both models, the first process is described by the same vertices, giving the following result
where µ (p) and ν (q) are polarization vectors of the ρ 0 -meson and the photon, correspondingly.
Let us now turn to the emission of the photon from the internal region. In the covariant approach, this process is described by the diagrams shown in Fig.3 . Notice the lack of the a 1 -exchange: as we already know from (119) the a 1 → πγ amplitude vanishes on the mass shell of the photon. The appropriate Lagrangian densities, in general, contain the terms without derivatives and with two derivatives.
The constant term of the first diagram (Fig.3a) cancels the constant term of the second one (Fig.3b) . Indeed, the first diagram represents the contribution of the electromagnetic current j em µ
The contribution without derivatives, described by the second diagram, originates only from one term of the Lagrangian density (97), namely
The corresponding part of the Lagrangian density is given by
Turning on the ρ 0 µ → A µ VMD transition in (123) one can easily see that this term cancels the contact contribution of the electromagnetic current (121).
The term with two derivatives from j em µ , corresponding to the diagram of Fig.3a , is given by
is the strength tensor. The two derivatives part of the second diagram (Fig.  3b) is described by the following Lagrangian density
After some rearrangement of derivatives and omitting total derivatives, we obtain that the sum of these two Lagrangians on the mass shell of the photon is On the mass shell of the ρ 0 -meson ∂ νṽµν3 = m 2 ρ v µ3 , and we finally find for the sum
This Lagrangian density leads to an additional contact contribution to the total amplitude of the ρ 0 → γπ + π − decay. As a result, we have
(128) One can easily see that this amplitude is gauge invariant. Indeed, replacing * ν (q) → q ν one finds that
vanishes on the ρ 0 mass shell. Notice that the diagram Fig.3a in the covariant approach plays the role of the diagram Fig.4 in the standard case. Indeed, the standard approach gives the same Lagrangian for the diagram Fig.3b , but does not have the diagram Fig.3a . If we calculate the contribution of the a 1 exchange diagram (Fig.4) , we find
(130) Combining this result with the amplitude given by the diagram Fig.3b , we obtain the known result (127), or after including the gamma emissions from the charged pions the result (128).
This example helps to understand the role of non-VMD contributions in the covariant approach: they effectively reproduce the result of the VMD approach. One can show [35] that this always take place if we are working with the real part of effective action. However, one cannot extend this statement to the imaginary part of the action.
IX. ONE Z-BOSON INTERACTIONS
Our next goal concerns the hadronic interactions of the neutral Z-boson. The leading order [in coupling g] interactions can be presented by the Lagrangian density
where j N µ is the corresponding hadron neutral current. It is useful to introduce again two matrices which help us to write the current j N µ . One of them is the matrix Ξ N , which is defined as
The other matrix is Ψ N . It collects the hadron part of Ψ µ which is linear in Z.
with
andΨ
The latter formula takes into account the subtraction of Z µ term made in Eq.(102). These notations allow us to express the current j N µ as follows
We emphasize that currents (106) and (137) are written in terms of fields which still must be redefined in accord with Eqs. (90)-(92).
A. Neutral current-current approximation
At low momenta of the Z-boson, p 2 m 2 Z , one can replace the Z-propagator by a constant value multiplied by the delta function and the metric tensor
In this approximation, we can derive the local currentcurrent interaction between the leptonic weak neutral current l 
(140) Combining this result with Eq. (131), we obtain
If one takes only the one-particle part in j N µ , it gives
where G F is the Fermi coupling constant, which is given by
. This corresponds to the Lagrangian density
We will discuss now the structure of the charged hadronic current j C µ , which is responsible for the single W -boson interactions of mesons. In this case, the Lagrangian density can be presented in the form
Similar to the previous cases, the charged hadronic current can be expressed in terms of two meson matrices Ξ C andΨ C = Ψ C − 2m 2 T + . These matrices accumulate the meson part of Ξ µ and Ψ µ which is responsible for the non-axial-vector dominant interactions of mesons with W ± . They are extracted as follows
In accord with this prescription, we find that the matrix elements of Ξ C are
The matrix Ψ C has the following elements
Finally, let us recall the formula (82). Collecting the appropriate terms from L tot , and using our definitions above, we can write down the expression for the current j 
This current, for instance, can be readily used for the calculation of the various decay rates of the τ meson.
For that the following current-current approximation is useful.
A. Charged current-current approximation
Let us consider now the charged leptonic current l C µ and its Hermitian conjugate one l
These phenomenological currents of the earlier currentcurrent Fermi model are precisely those used in the gauge SU (2) L theory. Indeed, the charge-changing part of the standard model Lagrangian density has the form
With the help of Eqs. (146) and (152) we can return back to the old current-current type Lagrangian density. The method used remains the same as the one used in the previous section. As a result we find
Correspondingly, the one-particle part of the charged weak hadron current j C µ has the following contribution to the effective Lagrangian density
Notice, that the current j C µ contains also many-particle direct contributions [indicated as a plus followed by suspension points] which are important for the multi-meson production reactions.
XI. CONCLUSIONS
Starting from an extended U (2) L × U (2) R chiral symmetric NJL model with explicit flavour symmetry breaking we have derived an effective meson Lagrangian which describes both the strong and electroweak low-energy interactions of hadrons. This theory describes the phenomenon of dynamical chiral symmetry breaking. As a result, a non-zero quark anti-quark condensate is generated and the strong dynamics of the system is described by small bosonic excitations (mesons) in the NambuGoldstone ground state. This phenomenon has many interesting consequences widely discussed in the literature. In our study we concentrated on the consistent treatment of the π − a 1 mixing. We have shown that in presence of the electroweak interactions the elimination of mixing terms should be performed in accord with the general requirements of chiral and electroweak symmetries. Somehow this point was totally ignored in the literature. We suggested a self-consistent procedure of covariant diagonalization of the mixed terms and obtained the corresponding effective meson Lagrangian. This Lagrangian contains the essential features of the standard meson dynamics [Goldberger-Treiman relation, KSFR relation, approximate Weinberg relation, PCAC, fieldcurrent identities for electro-weak current, universality of induced meson coupling constants] and gives rise to some additional consequences. One of them is a deviation from the vector and axial-vector meson dominance picture. This deviation is a direct consequence of the covariant approach, which has been the main focus of the present work.
One of the interesting future applications of the obtained theory is the study of its anomaly sector. Our previous investigations have shown that new non-VMD contributions are responsible for the restoration of the gauge symmetry for the a 1 → γπ + π − decay amplitude. However, it would be also important to clarify, in the study of anomalies, the role of the new contributions, which originate in the weak sector and induce deviations of the theory from the axial-vector dominance of the charged hadronic current.
Furthermore, one should mention that the extension of the chiral group to the SU (3) L × SU (3) R case will allow us to apply the idea of gauge invariant p − a µ diagonalization to the strange quark physics.
